Graphene superlattices were shown to exhibit high-temperature quantum oscillations due to periodic emergence of delocalized Bloch states in high magnetic fields such that unit fractions of the flux quantum pierce a superlattice unit cell. Under these conditions, semiclassical electron trajectories become straight again, similar to the case of zero magnetic field. Here, we report magnetotransport measurements that reveal second-, third-, and fourth-order magnetic Bloch states at high electron densities and temperatures above 100 K. The recurrence of these states creates a fractal pattern intimately related to the origin of Hofstadter butterflies. The hierarchy of the fractal states is determined by the width of magnetic minibands, in qualitative agreement with our band structure calculations.
For electrons in solids, their ability to freely propagate through the crystal lattice (Fig. 1a) originates from the translational invariance of the Hamiltonian associated with a periodic lattice potential.
According to Bloch's theorem 1 , the electronic states are dispersed in energy and described by wave functions that are delocalized over the entire crystal lattice. This description generally breaks down in the presence of magnetic field (B), because electrons experience a Lorentz force and become localized on closed orbits [2] [3] [4] [5] (Fig. 1b) . However, for certain B where the magnetic length is commensurable with the lattice periodicity (Fig. 1c) , electrons recover delocalized wavefunctions 6, 7 and behave as "magnetic" Bloch states that propagate along open trajectories as if they are effectively in zero magnetic field (B eff = 0). Mathematically, this occurs for all rational fractions of magnetic flux = SB =  0 p/q where S is the area of crystal's unit cell,  0 is the flux quantum, and p and q are integer numbers 6, 7 . Physically, this is a consequence of the Aharonov-Bohm effect so that an electron passing across q unit cells acquires a phase shift in multiples of 2, which restores the translational periodicity in high B. The recurrence of propagating Bloch states is expected to cause fractal, self-similar behavior in the magnetotransport properties of crystalline solids [6] [7] [8] .
In graphene/hexagonal boron-nitride (hBN) superlattices [9] [10] [11] [12] , the periodic structure created by recurrent magnetic Bloch states was previously observed in low temperature experiments [13] [14] [15] [16] [17] [18] , with most of the attention being paid to the detection of Landau gaps in the Hofstadter butterfly spectrum 8, 19 . In particular, third generation Dirac points 13 , the anomalous quantum Hall effect 14 and replica quantum Hall ferromagnetism 16 were observed in the magnetic Bloch states that resided at unit fractions of  0 = 1/q. However, this periodicity does not constitute the complete self-similarity inherent to magnetic Bloch states 6, 7 and Hofstadter butterflies 8, 19 , where the spectra should replicate themselves at increasingly smaller scales of B. This fractal structure can appear only due to highorder magnetic Bloch states with p > 1 and has awaited experimental confirmation.
In this Letter we probe the electronic spectrum of graphene/hBN superlattices and report the full hierarchy of magnetic Bloch states up to the 4 th order ( 0 = 1/q, 2/q, 3/q and 4/q) using an alternative approach that is based on the use of transport measurements at high temperatures (T = For n = 2.7  10 12 cm -2 , the oscillations exhibit a single periodicity, which corresponds to one  0 piercing the moiré unit cell (outlined by the black hexagon).
The studied devices were fabricated using the standard approach for making encapsulated graphene/hBN heterostructures 22 (for details, see Supplementary Section 1). During their assembly, a rotating stage was employed to accurately align graphene's crystallographic axes with the hBN substrate. The alignment resulted in a moiré superlattice [9] [10] [11] 23 with a period of ≈ 14 nm due to a slight (1.8%) mismatch between the graphene and hBN crystal lattices. This step is crucial to observe the physics described above, as it ensures that the regime with  0 = 1 can be reached for B below 30 T. Note that for pristine graphene (without a superlattice potential) the above condition would be met only at  10,000 T. A second hBN crystal was placed on top of the graphene to encapsulate it, ensuring high electronic quality 24 . The top hBN was intentionally misaligned to avoid a competing moiré potential acting on graphene charge carriers. After the assembly, electron beam lithography and standard microfabrication processing were employed to etch the heterostructure into multiterminal Hall bar devices with quasi-one-dimensional contacts 25, 26 (inset of Fig. 1d ). We studied five superlattice devices and found the features described below in all of them but they were strongest in those with the highest electronic quality and largest moiré period. The latter two peaks provide an unambiguous indication of the superlattice reconstruction of graphene's spectrum 11, 27, 28 and are referred to as secondary Dirac points (DPs). Notably, the secondary DP is considerably sharper for hole doping (negative n) than electron doping (positive n), in agreement with the previous work [13] [14] [15] [16] and with calculations that have demonstrated graphene's band structure is stronger modified for holes 27 . Rather surprisingly, BZ oscillations are found to be more pronounced for electrons in the conduction band 21 , especially at high T. The inset of Fig. 1d plots a map of magnetoresistance  xx (n, B) for electron doping at 150 K. At this T, SdH oscillations and the corresponding Landau fans [13] [14] [15] [16] are completely suppressed because of thermal smearing.
Instead, we find a set of horizontal streaks across the map (highlighted by arrows), which signifies magneto-oscillations that are independent of n. These are Brown-Zak oscillations.
Figure 1e plots  xx (B) for several n beyond the electron secondary DP. For n = 2.7  10 12 cm -2 (black curve), we find that  xx oscillates in 1/B with a single periodicity of  0 /S (schematic of Fig. 1e ). As we increase n further, the oscillations start developing some extra periodicity. In particular, we find additional features appearing between the maxima. As shown below, these oscillations originate from the formation of magnetic Bloch states at  0 = 2/q. Because the extra features become stronger at higher n and higher B, whereas standard doping by electrostatic gating is limited to  It is instructive to analyze the BZ oscillations in terms of longitudinal conductivity
) where  xy is the Hall resistivity. This is because  xx exhibits local maxima at those B where magnetic Bloch states emerge (/  p/q) and quasiparticle trajectories in the superlattice potential become effectively straight again, mimicking transport at zero field [30] [31] [32] (Fig.   1c ). In addition, the use of the dissipative conductivity  xx simplifies our analysis by avoiding a nondissipative (Hall) contribution caused by topological properties of the magnetic minibands that can have non-zero Chern numbers [33] [34] [35] [36] . Fig. 2a plots  xx as a function of  0 /, which emphasizes the 1/B periodicity of BZ oscillations. Here, we find local maxima in  xx located at unit fractions of / 0 = 1/q, in agreement with the previous report 21 . In addition, several other maxima become clearly visible at fractions of /  2/q and 3/q. For high B, maxima at / 0 = 4/q can also be discerned (inset of Fig. 2a, Fig. 2c ). where  is the charge carrier mobility 31, 32 .
To better visualize the additional maxima with p > 1, we exploit one of the defining features of BZ oscillations, namely that their frequency is independent of n. Fig. 2b plots a map of  xx (n,   ), which reveals a set of dark vertical streaks. They can be seen more clearly if we plot the second derivative of  xx with respect to B (Fig. 2c) . The differentiation procedure effectively removes the smooth background and highlights the extra features by sharpening local maxima. The vertical streaks indicate the extra features appearing at the same B for all n. Even the maxima for p = 4 becomes clearly distinguishable as faint gray features independent of n (green arrows in Fig. 2c ). The observed behavior signifies that the additional maxima are caused by high-order magnetic Bloch states. Note that several p = 2 maxima can also be observed for hole doping (Fig. 2d) , despite the poor visibility of BZ oscillations in graphene's valence band 21 .
For certain ranges of n and B, we were able to identify all the magnetic Bloch states up to a 4 th order which can occur within the field interval 1/(q+1) <  0 < 1/q . This is illustrated in Fig. 3 for q = 2. At 100 K (black curve), the hierarchy of magnetic Bloch states creates a fractal pattern in the magnetoconductivity, that is, the behavior of  xx close to zero applied magnetic field (inset in Fig. 3) is replicated multiple times at increasingly smaller scales of B. As T increases, the fractions with large p become smeared and only those with p = 1 remain (Fig. 3) .
To understand the observed hierarchy of states, let us first recall how the energy spectrum of graphene superlattices looks in quantizing magnetic fields 13, [37] [38] [39] . times larger than the moiré unit cell (inset of Fig. 2d ). We also note that, for n < n 0 , the superlattice spectrum is gapped over a wide range of B. This behavior is specific to Dirac electrons [37] [38] [39] and explains why BZ oscillations and high-order maxima in  xx are absent in experiments performed at low n (Fig. 2d) .
The visibility of a particular magnetic Bloch state is determined by both the number of flux quanta (p) and the number of unit cells (q) associated with the state. As q increases, its visibility is expected to decrease because the Bloch state involves an increasingly larger supercell that might not be fully traversable by electrons because of their limited mean free path. This explains why first-order states that follow the sequence  0 = 1/q (that is, BZ oscillations) tend to be more prominent (Fig. 1d,e) .
Note that this tendency does not always hold (see Fig. 2a for  0 approaching unity and the discussion below). As for the p dependence, its details are more subtle. When the supercell size is fixed by q, the maxima in xx still become progressively smaller with increasing p. This is evident from the sequence  0 = p/5 shown in Fig. 2a (highlighted by the colored arrows) . To understand the p dependence, we recall [30] [31] [32] with n, in agreement with our experiment that shows more prominent fractal features at higher doping. The origin of higher <v 2 > in this case stems from the fact that the minibands become closely spaced at higher energies ( Fig. 4a-b ). Accordingly, the Fermi level becomes smeared over an increasing number of minibands, which in turn increases  xx and, therefore, the visibility of magnetic Bloch states at high n. Note that some of the minibands are likely to have non-zero Chern numbers that can result in non-zero Hall conductivity in zero B eff and, at low T, in chiral edge states [33] [34] .
However, the topological properties should not affect the discussed dissipative  xx in the linear response to the current-driving electric field. 
Supplementary Information

S1. Device fabrication
Graphene/hexagonal boron-nitride (hBN) heterostructures were assembled using the dry peel technique 1, 2 . To this end, graphite and bulk hBN crystals were first mechanically exfoliated onto an oxidized Si wafer. Monolayer graphene and thin (30 nm) hBN flakes were then identified by optical microscopy. The flakes were assembled using a polymer membrane attached to the tip of a micromanipulator, which was used as a 'stamp' to pick up and place down the selected crystals.
During their assembly, a rotating stage was employed to align crystallographic axes of graphene and the bottom hBN crystal. Because the bulk crystals cleave preferentially along their crystallographic axes, the edges are usually clear and straight, enabling alignment with accuracy of about 0. The heterostructures were then made into multiterminal devices such as shown in Fig. S1 using electron beam lithography and plasma etching. As the first step, a PMMA mask was fabricated to define long contact regions leading to the heterostructure. Reactive ion etching was then employed to mill through the mask, which produced trenches in the graphene/hBN heterostructure. The same PMMA mask was subsequently used to deposit metal leads into the trenches (3 nm Cr/80 nm Au)
which formed quasi-one dimensional contacts to graphene's edges 4, 5 . This sequence of steps mitigates the need for graphene to be in contact with any polymer, preserving its high electronic quality. The PMMA mask was removed and a second round of lithography was carried out to define the mesa. Figure S1 shows an example of one of our Hall bar devices. The width of our samples ranged between 1 and 3 m, and the distance between nearest voltage contacts was at least one width.
Figure S1| Graphene/hBN devices. An optical image of one of our superlattice devices. The width of the Hall bar is 3 m.
m
S2. Light doping of graphene/hBN heterostructures
The first order magnetic Bloch states, which are responsible for so-called Brown Zak oscillations, are robust over a wide range of temperatures (T) and carrier density (n). In contrast, even for n close to the secondary Dirac points (DPs), there are no signs of high-order states (p = 2, 3 etc.). To unveil those additional fractal states, we had to dope graphene to much higher n, close to and even beyond n = 2n 0 (Fig. 2 of the main text) , where n 0 is the carrier density at which secondary DPs occur. To achieve such high n-type doping, we used light illumination as previously reported 6 . In brief, electron donor-like impurity states in hBN are excited by illumination. This leads to positively charged defects that act to dope the graphene sheet negatively. This may happen in both top and bottom hBN layers of our encapsulated devices. Because the defects in hBN are spatially isolated from the graphene channel, the doping has relatively little influence on mobility of charge carriers in the devices. The light-doping effect is sufficiently strong such that we were able to n-dope graphene by n = 2.5 x 10 12 cm -2 simply using an incandescent light source. 
S3. Magnetic mini-bands
Here we describe the model used to calculate the Hofstadter butterfly spectrum and magnetic mini-band structures shown in Figs. 4a-b of the main text. To this end, we consider the electronic spectrum of pristine graphene modified by an underlying moiré potential which is produced by alignment with the hBN substrate. The moiré potential is described by a hexagonal Bravais lattice 1 ⃗ 1 + 2 ⃗ 2 with a period of the superlattice a 1 = a 2 . The computed spectrum was obtained using a phenomenological model developed in Ref. 7 , which is based on the Hamiltonian. 
S4. Electron transport in the magnetic-minibands
For  0 = p/q, the electrons propagate as if they are in effectively zero magnetic field with a velocity that is determined by details of their magnetic miniband structures (Fig. 4b) > along a number of arbitrary directions and found the values differed only by about 1 %, which simply reflects a numerical error determined by the discrete set of points in the miniature Brillouin zones used in our simulations.
S5. Hierarchy of magnetic Bloch states in the valence band
In the main text, we discussed the visibility of magnetic Bloch states in the conduction band, with regard to transport experiments. In general, we found that magnetic Bloch states with larger p had a smaller group velocity (Fig. 4c of main text) . This results in smaller amplitude of  xx (Fig. 2 of the main text). In experiment, the same qualitative trend was found for hole doping (Fig. 2d ). For completeness, we calculated <v 2 > for magnetic Bloch states in the valence band at various  0 = p/q for a given n (Fig. S3) . We found the same qualitative trend such that high-order states (larger p indicated by red and blue symbols in Fig. S3 ) have a systematically smaller <v 2 > as compared to the first-order states (black spheres). This demonstrates that the apparent hierarchy of states has a universal behavior for all kind of doping in the graphene/hBN spectrum. respectively.
